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ABSTRACT 
 
Reverse osmosis (RO) is a worldwide applied technology (as per International Water Association, 
>11,000 plants as of 2015) for water desalination which facilitates salt rejection by using an applied 
pressure on feed side (Liu and Chen 2013). Low energy consumption and simplicity in design 
distinguishes RO from other separation process such as thermal distillation, vapour compression 
distillation and multistage flash distillation (Otitoju, Saari et al. 2018). Membrane functionality is 
typically associated with the level of ageing, thickness, surface roughness, density of defects and 
chemical structure. In this project, commercially available thin film composite BW30 RO 
membranes were tested before and after laser impairment with the aim of assessing their 
performance. The highest water and saline flux were obtained for the membrane impaired with 90 
holes at a laser pulse density of 20p/m2, penetrating through all the composite layers. However, 
the flux values subsequently varied with the change in pulse density and number of holes. Although 
fluxes varied with the level of impairment, salt rejection data for all the experiments stayed above 
99%, suggesting that the rejection is maintained despite damage. This study successfully shows 
that membranes can be impaired in a controlled manner and that all tested membranes, despite 
losing the barrier layer, kept almost intact their salt rejection abilities.  This work establishes a good 
methodology to produce samples for future membrane impairment testing, with great application 
potential in validating virus and/or micropollutants removal. 
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1. INTRODUCTION 
 
Water is a fundamental element promoting and sustaining life on Earth. In the recent history, the 
scarcity of water has become a critical issue with the increasing world population and changing 
climate; hence, seawater and brackish water desalination has been a focal point of research and 
development for the past five-six decades. As per the report of Geoscience Australia, Australia is 
the driest inhabited continent in the world on earth, with lowest percentage of rainfall and lowest 
amount of water in the rivers. Scarcity of drinking water resources is a major challenge considering 
long-term climate change predictions for all Australian States and Territories. Decline in average 
rainfall and increasing severity of storm events are a considerable threat (Zahedi, Gofton et al. 
2018).  
Alternative sources of water supply must be introduced to supplement conventional water sources 
(ground and surface water) mainly due to drastic global climate change, population growth and 
water scarcity. The recycled water can be used in mainly two ways: non-potable and potable water, 
where the former is used for watering golf courts and recreational parks, industrial uses such as 
washing, cooling in power stations and factories, agriculture, horticulture, forestry, pasture, 
viticulture, sugarcane growing, firefighting, landscape irrigation, ground water recharge, 
environmental flows, wetlands (Bastian 2006) and later is used for  drinking purpose which is 
already being practiced intentionally or unintentionally in many parts of the world (Kimura, Amy 
et al. 2003). However, reuse of water poses potential risk due to chemical and pathogen 
contaminants. At very low concentration, micro-pollutants contaminate drinking water sources 
leading to major concerns. Compounds with molecular weight less than 200 kDa, like endocrine 
disrupting compounds and pharmaceutically active compounds, are the typical chemicals resulting 
in public health concerns (Kimura, Amy et al. 2003). The current study focuses on identifying the 
performance of intact and laser impaired membranes, in an attempt to mimic the mechanical 
damage in real time RO operation. Given the relatively small size of the produced holes, the current 
study is potentially relevant for virus, dissolved ions and/or micropollutants removal. The thesis 
work carried out is identified to be unique and novel, with no other similar studies found in 
literature.  
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2. LITERATURE REVIEW 
 
Microfiltration (MF) 
MF is one of the significant technologies commonly used to treat surface water, ground water and 
reclaim waste water for reuse (Peirce et al, 1998). The pore size of the microfiltration membranes 
varies from 0.1 to 10µm, hence retaining on the barrier side all other particles above pore size.  The 
driving force is the transmembrane pressure which forces the clean water to get filtered through 
membrane. The transmembrane pressure used for the process of separation can be induced by 
vacuum or pressure. The typical operating pressure for the MF membranes is from 15 to 30 psi. The 
membrane effectively separates colloidal particles, bacteria, color, turbidity and NOM 
in micrometer. MF membranes are used in either hollow fibres or spiral-wound configuration 
(Sukumar, 2013).  
 
Ultrafiltration (UF) 
UF is one of the typical separation processes employed in advanced drinking water treatment. The 
performance of the membrane is evaluated by the rejection of organic and microbiological 
substances. The pore sizes in UF is in the range of 0.1 to 0.001 µm.  Ultrafiltration membranes are 
pressure driven and remove high molecular-weight substances, colloidal materials, and organic and 
inorganic polymeric molecules. The applied pressures to achieve high flux rates is very low, 
avoiding therefore the collapse of the membrane. Polysulfone and cellulose acetate are the most 
common materials used for the preparation of UF membranes.  
 
Nanofiltration (NF)  
NF membranes are capable of rejecting divalent salts and low molecular weight substances. The 
major role of the NF membrane is to allow some minerals to pass through and soften the product 
water. The NF membranes are negatively charged and their pore size ranges in nanometre domain.  
 
Reverse Osmosis (RO) 
RO membrane discovery created a revolutionary change in the membrane separation industry. RO 
separation technique has the potential to remove all organic and inorganic contaminants from 
water. Figure 1 shows the RO separation based on molecular weight and relative sizes of the 
particles. 
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An overview on capabilities of different filtration types is presented in Figure 1. By far, RO 
outperforms all the other technologies. 
 
 
Figure 1. Performance of filtration membranes (AWWA M53) 
2.1 Importance of Reverse Osmosis 
 
RO separation technique was developed more than fifty years ago and today it is widely accepted 
as the most reliable way to obtain clean water (Yam‐Cervantes, Pérez‐Padilla et al. 2018). 
According to USEPA 2005, these types of membranes have high potential to remove salts and other 
organic and inorganic contaminants. RO is capable to produce high quality water. RO acts as a 
barrier to eliminate the inorganic and organic contaminants as well as pathogens, including bacteria 
and virus. In water reuse, RO membranes are commonly employed in the tertiary treatment as the 
last physical disinfection process mainly due to their ability to remove viruses completely 
(Shannon, Bohn et al. 2008). During the RO membrane filtration process, pressure is applied at the 
feed side and hence forces the water to pass through the membrane to produce permeate; however, 
the suspended particles, contaminants and salts are retained by the membrane and remain dissolved 
in the concentrate. The most effective configuration of the RO membrane is the spiral-wound 
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module (Figure 3).  The major two modes of operation in the RO separation technology is cross-
flow filtration used in spiral-wound module configuration and dead-end filtration. In cross-flow 
filtration the flow of feed is parallel to the filter medium and it creates less cake on the surface of 
the membrane. It is commonly employed in industrial applications. In dead- end filtration, the flow 
of feed is perpendicular to the filter membrane and results in cake formation. Due to its small 
footprint and easy operation it is mainly used in laboratory scale experiments. The accumulation 
of salts in the vicinity of membranes leads to concentration polarization; this has damaging effects 
of membrane performance. A real-life RO separation train with multi stage operation is shown in 
Figure 4. 
 
 
Figure 2. Dead-end and cross flow mode of RO filtration technique 
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Figure 3. Schematic internal structure of a spiral-wound RO membrane (Tan et al. 2012). 
 
Figure 4. RO train in a QLD Water Treatment Plant 
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The first asymmetric reverse osmosis membrane was manufactured by Loeb and Souriranjan in 
early 1960s (Loeb, S. 1984). The production of thin film composite membranes by interfacial 
polymerization technique paved the future of RO membranes following the work of Cadotte and 
Rozelle in early 1970s (Cadotte J. 1981). 
 
Figure 5. Cross section of a thin film composite membrane SEM image (Pype, M. 2013). 
 
RO membrane is composed of three layers:  
1. A semi-permeable membrane layer often made of polyamide;  
2. A supporting layer, similar to an UF membrane.;  
3. A polyester fabric layer to give membrane rigidity.  
Figure 5 shows the typical chemistry of a crosslinked polyamide (PA) polymer marked as 1 and 
the PS and PE layers marked as 2 and 3. The support film, microporous Polysulfone (PS), is cast 
on a non-woven or woven fibre backing material. During the process, half of PS penetrates the 
Polyester (PE) backing material. The approximate thickness of the PS is 50µm. A barrier layer, of 
100-200nm, is typically formed by an interfacial polymerisation between meta-phenylene diamine 
and trimesoyl chloride and dried to complete the membrane preparation (Figure 6); hence, the 
barrier layer is well bonded with the support surface to prevent damage during use (Cadotte J. 
 11 
1981). Details of the common methods used for fabricating composite Reverse Osmosis 
membranes are given below (Cadotte J. 1981): 
1. Cast the ultrathin barrier membrane separately, then laminate to a porous support.  
2. Dip-coat a polymer solution onto a support film, followed by drying.  
3. Dip-coat a reactive monomer or prepolymer solution onto a support followed by heat or radiation 
curing.  
4. Deposit a barrier film from a gaseous phase monomer plasma onto the support.  
5. Interfacially polymerize a reactive set of monomers at the surface of the support. 
 
 
 
Figure 6. Commercial polyamide membranes formed by m-phenylenediamine (MPD) and 
Trimesoyl Chloride (TMC) by interfacial polymerization (Lan et al. 2011). 
 
Figure 7 shows the RO membranes having a mean free volume holes with a radius of 0.20 – 0.29 
nm in the active skin layer. The polyester backing and polysulfone layers increase water 
permeability and provide mechanical support to the active skin layer. The free volume holes are 
generally present between cross linked polymer chains of the active skin layer where the same 
solutes and water molecules can partition (Fujioka, Oshima et al. 2015). Specifications of the 
membranes are identified as, active skin layer has rough surface (0.05 – 0.2 µm), top thin layer has 
the cavities (0.05 – 0.2 µm) and the supporting layer is attached to the backing layer.  
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Figure 7. Layers of a typical membrane with free volume holes (Fujioka, Oshima et al. 2015). 
 
The most important properties of RO membranes are flux, salt rejection, resistance to fouling and 
degradation. The membrane separation performance is mainly governed by its chemical and 
physical properties such as the type of polymer used for manufacture, roughness and 
hydrophobicity of the membrane surface, shape, size of the pores, pore size distribution and 
density. Typically, the topography of RO membranes is analysed by Atomic Force Microscopy 
(AFM) and  Scanning Electron Microscopy (SEM) and the membrane surface charge properties 
are measured employing a Zeta potential analyser (Mah, Chang et al. 2014) 
2.2 Impairment of Reverse Osmosis Membrane 
 
Membrane impairment/damage in real time RO process occurs mainly due to chemical and 
mechanical impact. Cleaning, dosage of oxidants, ageing, extreme pH results in chemical damage 
of the membrane, while manufacturing defects, imperfections occurring during installation and 
impact on membrane during operation results in mechanical damage. The mechanical 
imperfections are undetected during the quality control checks part of the manufacturing process. 
However, the presence or development of membrane element breaches of relatively large size 
might be detected by monitoring the product water conductivity.  Hence, the development of 
smaller imperfections not producing measurable changes in conductivity could cause breakthrough 
of pathogens at undesirable levels. The current study focuses on analysing the impact on 
performance of the RO membrane when smaller imperfections are produced by controlled laser 
drilling/ablation.  
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The major problems prevailing during the reverse osmosis filtration are membrane fouling, glue-
line imperfections and the presence of hole in the barrier layer. Membrane fouling is its universal 
problem and it leads to reduction of efficiency, pressure drop, decline in water permeability and 
increase of salt passage. Feed water quality and nature of the constituents present in the feed water 
determine the degree and type of fouling. The four different types of membrane fouling are 
colloidal fouling, inorganic fouling, organic fouling and biofouling (Malaeb and Ayoub, 2011).  
RO requires either periodic or continuous treatment with a sanitizing agent to prevent microbial 
growth and this may cause severe problems upstream and downstream of the membrane (Adham, 
Gagliardo et al. 1998). These limitations lead to increased production costs, energy demand and 
chemical cleaning, reduced membrane life and additional labour for maintenance. On the contrary, 
pre-treatment strategies have the ability to mitigate fouling in membranes (Zhang, Wan et al., 
2018). In order to protect public health, the optimum operation of the RO process must be carried 
out by validating and monitoring the process integrity. Integrity of the RO membrane can be 
monitored by direct integrity tests, including pressure and marker based methods in the feed, and 
indirect integrity tests, including turbidity monitoring, on-line conductivity and Total Organic 
Carbon (TOC) measurements in the permeate. (Pype et al., 2016).  
Direct monitoring and indirect monitoring techniques can be employed in real time measurements 
(USEPA 2005). The decline in membrane integrity results indicates declining membrane 
functionality such as permeability and rejection efficiency. Alteration in the physical properties of 
the membranes due to creation of scratches, holes and variation in thickness, roughness and 
chemical structure of the membrane is inevitable during the RO filtration process.  Many research 
studies have been conducted to explore the loss of integrity of and performance reverse osmosis 
membranes by fouling, scaling and ageing (Donose et al., 2013, Pype et al., 2016, Hagihara et al., 
2014, Liu, Y. and X. Chen 2013, Ding et al., 2014). However, as per the analysis from Table 1, it 
is evident that only a limited number of studies have been performed to study the performance of 
the RO membranes due to creation of holes and hence literature available on impairment of MF 
and UF have been taken into account to help in critically review and design a method to perform 
impairment in RO membrane and identify its impact on performance by using dead-end filtration 
technique. 
In 1995, Adham Jacangelo and Laine punched reverse osmosis membranes to create holes  600 
µm in diameter using needles. Years later, (MF) and (UF) membranes were pierced using needles 
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to create 25m diameter holes (MF) and laser drilling technique to make 3m diameter holes only 
in UF to study the effect of virus passage (Pontius et al.,2011). The UF membranes were punched 
using an Excimer laser by using a commercial laser-drilling company (J.P Sercel and Assoc., 
Hollis, NH) Membranes pierced with needles in UF and MF reacted differently (Pontius et al. 
2011).  
UF holes sizes were larger than MF holes, while the needle produced holes tended to tear, showed 
unstable torn edges and odd shapes. At the same time, the laser-drilled holes were uniform. Net 
flow through the holes has been investigated by flux experiments and determined by subtracting 
the flow in an uncompromised membrane form the flow through a compromised membrane. The 
study concluded that virus passage has been significantly affected by the hole size: the larger the 
hole greater is the pull towards the hole (Pontius et al.,2011).    
In another study, intact and compromised pinhole in spiral-wound reverse osmosis membrane 
employed for the removal of bacteriophage MS2 and fluorescent dye polystyrene microsphere 
estimated that the rejection was > 99.9995% in intact membranes, the passage of MS2 phage and 
microsphere through a pinhole was noted as 0.05 -.1% of virus in product water, while that of intact 
membrane was <2x10-5% of virus in product water. The rejection of a 1,000 mg/L NaCl solution 
by a membrane compromised with a pinhole of 0.8 mm2 and 1.6 mm2 using a cross-flow setup was 
of 96.82% and 95.83%, respectively at 1,103 kPa; (Mi et al., 2004).  
Another study used silver nanoparticles with UF membrane compromised by pinhole to create 100 
m diameter, observed decline in log rejection values from 2.8 to 1.3 (Antony et al., 2013). Pontius 
had manually created holes in the semipermeable UF and MF membranes using needle and laser. 
Hence, creation of holes in the PA membrane is identified to contribute severely on the 
performance of the RO membranes,  
Table 1. Summary of studies conducted on the filtration membranes with manually impaired 
membranes for integrity monitoring. 
Study performed Type of impairment and hole 
size 
Membrane 
Autopsies 
Reference 
Virus passage through 
compromised low-
pressure membranes: 
UF and MF membranes 
Needle hole: 171 and 152 m 
Scanning Electron 
Microscopy 
Pontius et al., 
2011. 
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A particle tracking 
model 
Laser drilled hole 25 m 
diameter 
Non-microbial 
indicators for 
monitoring virus 
removal by ultra-
filtration membranes 
UF membranes with 2 pin holes 
of 100 m diameter 
 
Scanning electron 
microscope 
Antony et al., 
2013 
Removal of biological 
and non-biological 
viral surrogates by 
spiral-wound reverse 
osmosis membrane 
elements with intact 
and compromised 
integrity 
RO membrane, Small pin hole 
11m and Large pin hole 90m 
ESPA1 RO membrane 
Small and large pinhole 
impairment 
Salt rejection of intact 
membrane: 93.8% and 
subsequently reduced rejection 
for all pinhole impaired 
membrane 
 
Olympus BX60 
microscope 
CH250 
photometric 
charge captured 
device with a 
Kodak KAF 1400 
chip 
Mi et al., 2004 
 
New techniques for 
real-time monitoring 
of reverse osmosis 
membrane integrity 
for virus removal 
RO membrane 
2 membranes with 1 and 2 
pinholes 
 Frenkel & 
Cohen 2018 
Real-Time Monitoring 
of Reverse Osmosis 
Membrane Integrity 
 
RO membrane 
Tip of hypodermic needle  
Pinhole size 1 m & 400 m  
Reflectance 
optical 
microscope 
 
Surawanvijit, 
2015 
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ESPA2 intact membrane – 
98.5% salt rejection 
Impaired by pinhole: 
0.3 µm2 0.06 µm2, 1.2 µm2 
breach – 98.6%, 97.83% and 
98.25% (Salt rejection) 
 
 
In summary, the critical review of literature fails to find studies of laser impaired RO membranes. 
It shows that there is a significant knowledge gap in both fundamental and applied research with 
regards to RO impaired membranes.  
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 3. PROJECT GOALS 
 
The main project goals are: 
A. To find the critical level of membrane impairment from which changes in performance are 
detected. 
B. To develop a better understanding of the importance of PA - PS barrier layer integrity.  
These goals will be achieved by completing the following work packages: 
1. Establish the baseline of performance:  
- Testing pure water and 2g/L NaCl solution fluxes in dead-end filtration. 
- Testing salt rejection 
2. Design and experimental plan for the laser assisted impairment  
3. Testing the impaired membranes for water and saline fluxes and salt rejection. 
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4. MATERIALS AND METHODS 
4.1 Dead-end filtration 
 
The equipment used for filtration testing is a Sterlitech HP4750 Dead End Filtration Unit connected 
to AND GX-4000 Electronic Weighing Balance. Pressurisation was achieved using compressed 
Coregas 3.0 type cylinder of >99.9% pure nitrogen. 
 
Figure 8. Schematic of stirred dead-end filtration device 
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Figure 9. Actual experimental setup in AWMC lab 
 
1.) Sterlitech HP4750 Dead End Filtration 
2.) Magnetic rotator 
3.) Electronic Weighing Balance – GX-4000 
4.) Meter Todelo Electrical Conductivity probe 
5.) Realtime monitoring RsWeight Ver 5.40  
6.) Compressed Coregas 3.0 type cylinder of >99.9% pure nitrogen 
7.) Position of BW 30 Membrane coupon at the bottom of filtration unit 
8.) Permeate collection beaker 
 
 
The stirred dead-end filtration cell is a cylindrical stainless-steel column, which can hold up to 300 
ml of fluid. The membrane used for the study is a Dow Filmtec BW 30 membrane (for brackish 
water) disk of 14.6 cm2 placed over a porous plate. The membrane coupon selected for the filtration 
process can withstand a pressure from 4-13 bar. A compressed nitrogen cylinder has been 
employed to pressurize the cylindrical unit from the top to 12 bar. Both the sides of the cylindrical 
unit are sealed with high-pressure couplings. The cell has an outlet by which the permeate flows 
5 
4 2 
8
 
1 
6 
7  
3 
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out. The cell is placed over a magnetic stirrer plate and a stirrer is placed inside the cell. A beaker 
is placed over an electronic weighing balance which is in turn connected to the computer and the 
software RsWeight Ver 5.40 allows to record the data of permeate volume with a frequency of 
1Hz. The experimental setup for the current study has been shown in the Figure 9. 
4.2 Laser machining 
 
The laser machine used for the study is a MicroPREP Pro laser (532 nm) ablation system (3D-
Micromac AG, Germany). MicroPREP is one of the typical instruments which enable clean, fast 
and efficient laser ablation. The major purpose of the machine is to prepare samples for 
microstructure failure analysis and diagnostics. High power densities, low structural damage, 
precise target on micron scale and ultrashort pulsed laser (nanosecond) are some of the key benefits 
of this machine. Hence it is employed in semiconductors, metals, ceramic, semipermeable 
membranes for laser cutting, drilling and thinning.  
 
4.3 Experimental procedure 
 
All the membranes selected and cut for the study were soaked 24 h in de-ionised (DI) water in a 
Petri dish and stored at 40C. 300 ml of DI was measured in a volumetric cylinder and transferred 
into the dead-end filtration cell along with a magnetic stirrer which was mounted on a magnetic 
rotator and the compressed Nitrogen house end was connected to the head of the dead-end filtration 
unit. A 300 ml beaker was placed on the electronic weighing balance and connected with real time 
monitoring software RsWeight Ver 5.40 in computer.  In this study, a 12 bar pressure was used for 
all the filtration experiments. The permeate mass (converted to volume) vs time was recorded at 
every second and then used to calculate the hydraulic flux. The characteristics and specification of 
reverse osmosis filtration is shown in Table 2. 
The membrane compression was done for 2-2.5 hours of filtration and data obtained was saved to 
calculate water flux for the study. At the same time 2g/L of sodium chloride was prepared in a 
volumetric flask. Then the filtration cell was dismantled to replace the water with 300ml of 
prepared saline solution. The filtration experiment was repeated for 1-1.5 h depending on the 
permeability of the saline solution. However, the permeate volume vs time graph noted in the 
software was used to calculate the saline flux in this study. An electrical conductivity meter was 
calibrated, and the probe was dipped in the permeate volume at five minutes interval to record the 
conductivity and TDS measurements. The conductivity measurement was later used to calculate 
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the salt rejection performance of membranes. The pressure relief valve was used to release the 
pressure in hose and close cylinder valve. After the completion of experiment filtration unit was 
dismantled, wiped and dried to resist corrosion. 
 
Table 2. Characteristics and specification of reverse osmosis filtration 
Filtration unit Dead end filtration cell apparatus 
Manufacturer Sterlitech 
Membrane Dow Filmtec BW 30 
Membrane area 14.6 cm2 
Feed volume 300ml 
Applied pressure Compressed nitrogen gas at 12 bar 
RPM used 500 rpm with magnetic stirrer inside the feed unit 
Conductivity Meter Toledo 
Permeate Measurement Electronic weighing balance connected for online measurement 
Flux was calculated at every 5minutes of the filtration  
Software used - RsWeight Ver 5.40 
DI water used DI water from AWMC lab is Milli Q produced by Millipore Q-POD 
Conductivity – 18.2 M.cm @ 250C 
Salt solution 2g/L NaCl (Analytical reagent, Ajax Finechem Pty Ltd) 
Temperature 250C 
Membrane compaction The virgin intact and impaired punch membranes were kept for 1.5 
to 2.5 hrs of membrane compaction 
Salt rejection analysis Salt rejection done for 20 to 30 minutes with conductivity 
measurements at every 5 minutes 
 
4.3.1 Baseline performance 
 
Fresh intact BW 30 membrane coupon of 14.6cm2 area was selected for the baseline performance 
studies. Water flux, saline flux and salt rejection analysis were taken as the parameters determining 
the performance in baseline experiments. The baseline performance data served as the comparison 
factor for the performance of impaired membrane.  
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4.3.2 Membrane impairment 
 
Fresh BW 30 membrane was selected and four membrane coupons of 14.6cm2 area were cut from 
the same BW 30 intact sheet using a rotating blade cutter. The four samples selected were labelled: 
A, B, C and D prior to laser impairment. The different programs used for impairment of the samples 
by MicroPREP Pro are presented in Table 3.  
 
Table 3. Impaired membranes characteristics and laser drill conditions 
Sample # drilled 
holes 
Power (mW) Density 
(pulse/µm
2
) 
Exposed 
% of total area 
A 90 0.035 20 3.5x10
-3
 
B 180 0.035 2 7.1x10
-3
 
C 900 0.035 0.2 3.5x10
-2
 
D 900 0.035 0.05 3.5x10
-2
 
 
4.3.3 Performance testing for impaired membranes 
 
A similar experimental procedure to the one described in 4.3. was used to tests the performance of 
impaired membranes. The initial compression of the membrane was performed during the initial 
permeability analysis. The water flux was calculated from the volume and time recorded data. The 
saline flux and salt rejection analysis have been performed for the quantitative estimation of 
performance. 
 
4. 3 Membrane performance and critical parameters 
4.3.1 Permeate Flux  
 
The quantity of permeate produced during RO membrane separation is measured by permeate flux 
parameter and evaluate performance of the membrane filtration system. Flux is defined as the 
permeate(filtrate) flow per unit area of the membrane.  
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Permeate flux is calculated using the below given formula: 
 
                                                      J =  V/(A· T·TMP)                                                 (Equation. 1) 
Where, 
 
 J  = Water flux (L/m2.hr.bar) 
V  = Volume of the permeate (L) 
T =  Duration of filtration (hr) through a film of area (A) at an applied pressure (Bar).  
A  = Area of the membrane (m2) 
TMP = Transmembrane pressure (bar) 
Permeate flux can also be described by Darcy’s law, which considers temperature, viscosity, salt 
concentration, transmembrane pressure and membrane resistance to estimate the permeate flux. 
The viscosity increases with increase in solute concentration. 
 
J = TMP/(µ· K)                                         (Equation. 2) 
 
Where, 
J = Permeate flux (L/h/m2) 
K = Membrane resistance (m-1) 
 = Dynamic viscosity (Ns/m2) 
TMP = Transmembrane pressure (bar) 
In the present study, the temperature is assumed constant and hence the effect of temperature on 
membrane resistance is not considered.  
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4.3.2 Salt rejection  
 
The removal of salt during the flow of feed water through the membrane results in accumulation 
of salt particles on the surface of the membrane or capture within the pores structure. Hence, the 
particles which does not pass through the membrane are said to be rejected.  This is the 
phenomenon of salt rejection. Salt rejection is calculated by using the following equation 
 
                                                     R(%) = (1 – Cp/Cf) x 100                                 (Equation. 3) 
Where,  
R = Salt rejection (%) 
Cp  = Concentration of permeate (mg/L) 
Cf  = Concentration of feed (mg/L)  
 
4.3.3 Membrane resistance 
 
Membrane resistance is calculated from the total resistance exhibited by the membrane and the 
resistance from fouling due to the solute/contaminants in the feed water. 
                                                              Rt = Rm + Rf.                             (Equation. 4) 
Rt = Total membrane resistance (m
-1) 
Rm = Resistance due to the membrane (m
-1) 
Rf = Resistance due to fouling (m
-1) 
 
4.3.4. Fluid viscosity 
  
The viscosity for sodium chloride is calculated from the given formula obtained from the 
Lawrence Berkeley Laboratory, University of California for the viscosity of NaCl and other 
solutions 
 
          /w = 1 + am + bm2 + cm3 + dT (1 – ekm)                      (Equation. 5) 
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a = 0.0816 
b = 0.0122 
c = 0.000128 
d = 0.000629 
k = -0.7 
T = 250C 
M = Molal concentration of NaCl g/L 
 = Absolute viscosity of NaCl solution (cp) 
w = Viscosiy of water (cp) 
 
4.3.5 Osmotic pressure 
 
The concentration of the dissolved solute salts in the solution is used to experimentally determine 
the osmotic pressure. The pressure required to inhibit the flow of water across a semi-permeable 
membrane is called as the osmotic pressure. The operational pressure of the reverse osmosis system 
is indicated by the osmotic pressure. Hence, the minimum pressure required to stop the inward flow 
of its pure solvent can be measured significantly. The osmotic pressure of the reverse osmosis 
membrane can be calculated by the following formula: 
 
      = i    R  T    (Equation. 6) 
 
 
Where,                     
  =  Osmotic pressure (bar) 
 = number of ions produced during dissociation of solute, it is also called the 
dissociation factor or the Van’t Hoff factor.     
= Osmotic coefficient 
C = Concentration of all solutes (moles/L) 
T = Absolute temperature (K) 
R = Universal gas constant (0.083145 L·bar/moles·K) 
Alternate formula to calculate the osmotic pressure is given as below: 
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 = 1.22 (273+T) ·mj.       (Equation. 7) 
   
 
 = Osmotic pressure (bar) 
T = Temperature (0C) 
mj  =  Sum of molality of concentration of all compounds present in the solution (moles 
of solute/kg of solvent) 
4.3.6 Transmembrane pressure 
 
The pressure difference across the membrane serves as the driving force for the transport of 
transport of solvent water molecules across a semipermeable membrane. The equation to find the 
transmembrane pressure is given as follows: 
      
TMP  =   [(Pi  +  P0) /2] - Pp    (Equation.8 ) 
 
Where, 
TMP = Transmembrane pressure (bar) 
Pi = Inlet pressure of the membrane (bar) 
Po = Outlet pressure of the membrane (bar) 
Pp = Permeate pressure (bar) 
In the case of dead-end filtration, TMP is calculated in accordance with osmotic pressure and 
atmospheric pressure 
 
                                        TMP  =  Osmotic pressure – Atmospheric pressure                   (Equation.9 ) 
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5. RESULTS 
 
The results are observed and discussed from the baseline, intact and impaired BW30 membrane 
performance by analysing water flux, saline flux and salt rejection. Water and saline flux values 
have been calculated every five minutes form the slope of the curve from volume vs. time graphs 
for all the RO membrane filtration experiments. The salt rejection has been calculated by reading 
conductivity measurements every 5minutes from the permeate. 
5.1 Baseline analysis of intact membrane: water flux, saline flux and salt rejection 
 
Baseline analysis for the dead-end filtration study was conducted for a BW 30 coupon of 14.6 cm2 
area of intact membrane soaked in DI water. As the laser ablation sample preparation procedure 
require dried sample for laser impairment, the selected soaked samples used for baseline analysis 
were air dried for 24 hours. Upon experimental filtration of the laser impaired dried samples, the 
water and saline flux showed significant reduction. Drying membranes after filtration, followed by 
laser ablation and filtration may produce skewed results.  The following results confirm the impact 
of drying. 
Impact of dried membrane on performance is shown in Graph 1 by permeate volume with time and 
Graph 2 shows the drastic decline in flux after drying. The permeability was higher for water and 
saline solution before drying when compared to filtration results after drying. Table 4. Shows the 
flux calculated using volume, time and area of the membrane. The flux value was higher for water 
before drying as 36.01  0.66 L/h·m2 and drastically decline after drying to10.9  0.05 L/m2·h. The 
osmotic pressure, viscosity and membrane resistance increases as the concentration increases in 
the filtration unit as shown in Appendix 10.1.  The salt rejection estimated from the electrical 
conductivity reading shows 99.92% before drying and a slight decline of 99.91% after drying. 
Hence, it is inferred that drying has major impact on the performance of the membrane.  
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 Graph 1. Baseline experiment permeate volume vs time of sample BW30 before and after drying 
 
 Graph 2. Baseline experiment water flux, saline flux and salt rejection of sample BW30 
membrane 
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Table 4. Baseline experiment data: Membrane drying impact on water and saline flux 
5.2 Laser impairment and its effect on performance 
 
The water flux, saline flux and salt rejection analysis have been calculated for the samples A, B, C 
and D after laser impairment to understand the impact of impairment on membrane performance. 
The water permeability and saline permeability have been shown in the Graph 3 and 4 respectively. 
The Graph 3 and 4 also compares the water and saline permeability of all four samples A, B, C and 
D after laser impairment with the baseline intact membrane experiment values.  
 
 
Graph 3. Samples A, B, C, D permeate volume (water) vs time before and after impairment. 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0
.0
0
0
.0
5
0
.0
9
0
.1
3
0
.1
8
0
.2
2
0
.2
7
0
.3
1
0
.3
6
0
.4
0
0
.4
5
0
.4
9
0
.5
4
0
.5
8
0
.6
3
0
.6
7
0
.7
2
0
.7
6
0
.8
1
0
.8
5
0
.8
9
0
.9
4
0
.9
8
1
.0
3
1
.0
7
1
.1
2
1
.1
6
1
.2
1
1
.2
5
1
.3
0
1
.3
4
1
.3
9
1
.4
3
1
.4
8
1
.5
2
1
.5
7
W
a
te
r 
p
er
m
ea
te
 v
o
lu
m
e 
(L
)
Time (h)
BW 30 membrane before and after impairment water permeate volume 
vs time
Sample D Sample A Sample B Sample C Before Impairment
BW 30 
Membrane 
Water flux  
Before drying 
(L/m2·h) 
Water flux  
after 
drying 
(L/m2·h) 
Saline flux 
before 
drying 
(L/m2·h) 
Saline flux 
after  
drying 
(L/m2·h) 
BW30 Sample  36.01  0.66 10.9  0.05 5.96  0.72 7.92  0.04 
Salt Rejection (%)   99.92 99.91 
 30 
 
Graph 4. Samples A, B, C, D permeate volume (saline) vs time before and after impairment 
 
 
Graph 5. Average flux and salt rejection values of sample A, B, C and D 
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Table 5. Combined flux values and salt rejection for sample A, B, C and D 
 
Figure 10 shows electron microscopy micrographs of laser impaired membranes, revealing uniform 
size holes (average diameter = 13.5 µm). These data reveal that the method is suitable to produce 
controlled size holes in the RO membranes. 
 
 
Figure 10. SEM micrographs of all four laser impaired membranes and a zoom-in area showing 
uniform holes. 
Membrane A impaired at a pulse density of 20 p/m2 exhibits 90 holes (Figure 10) and the 
corresponding water and saline flux after impairment is given in Graph 5. On comparing the 
performance of impaired sample, A with intact membrane, the analysis revealed that the flux was 
extremely high for laser impaired membrane The water flux of laser impaired membrane increased 
drastically from 36.01  0.66 L/m2·h to 1156.36  68.57 L/m2·h and the saline flux of impaired 
BW30-4040 Membrane Water flux after 
punch 
(L/m2·h) 
Saline flux after 
punch 
(L/m2·h) 
Salt Rejection (%) 
Sample A 1156.36  168.57 914.5  145.45 99.85 
Sample B 232.77  27.27 62.13  15.64 99.86 
Sample C 69.27  9.91 21.6  1.2 99.92 
Sample D 21.70  0.24 19.7  1.6 99.93 
Baseline before 
impairment  
 
36.01  0.66 
 
5.96  0.72 99.92 
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membrane explicitly boosted from 10.9  0.05 L/m2·h to 914  145.45 L/m2·h as shown in Table 
5. Surprisingly, the salt rejection was maintained above 99% in both laser impaired and intact 
membrane samples. The osmotic pressure, viscosity and membrane resistance increases, and the 
trans-membrane pressure decreases as the concentration increases in the filtration unit as shown in 
Appendix 10.2. The graph 3 and 4 showing sample A also reveals that the initial rate of flow of 
water and saline was much faster and then reach to a steady state. However, the increase in the 
number of holes to 90 and the high pulse density punch holes in the membrane achieved full 
penetration and cleaved the polyamide, polysulfone and polyester layers of the semipermeable BW 
30 membrane. The full penetration of sample A is evident in the SEM cross-sectional micrograph 
shown in Figure 11.   
 
 
Figure 11. Cross-sectional SEM micrograph of sample A 
 Membrane B impaired at a pulse density of 2 p/m2 exhibits 180 holes (Figure 10) and the 
corresponding water and saline flux after impairment is given in Graph 5. On comparing the 
performance of impaired sample B with intact membrane, the analysis revealed that the flux was 
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extremely high for laser impaired membrane. The water flux of laser impaired membrane increased 
from 36.01  0.66 L/m2·h to 232.77  68.57 L/m2·h and the saline flux of impaired membrane 
increased from 10.9  0.05 L/m2·h to 62.13  15.64 L/m2·h as shown in Table 5. Upon comparing 
the sample B with Sample, A, the flux of sample B was much lower than sample A.  Surprisingly, 
the salt rejection was maintained above 99% in both laser impaired and intact membrane samples. 
The osmotic pressure, viscosity and membrane resistance increases, and the transmembrane 
pressure decreases as the concentration increases in the filtration unit as shown in Appendix 10.2. 
The graph 3 and 4 showing sample B also reveals that the initial rate of flow of water and saline 
was much faster and then reach to a steady state. However, the increase in the number of holes to 
180 and the medium pulse density achieved medium penetration and cleaved the polyamide layer 
of the semipermeable BW 30 membrane. The medium penetration of sample B is evident in the 
SEM images of Figure 12. 
 
Figure 12. Cross-sectional SEM micrograph of sample B 
Membrane C impaired at a pulse density of 0.2p/m2 exhibits 900 holes (Figure 10) and the 
corresponding water and saline flux after impairment is given in Graph 5. On comparing the 
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performance of impaired sample C with intact membrane, the analysis revealed that flux was still 
higher for laser impaired membrane. The water flux of laser impaired membrane increased twofold 
from 36.01  0.66 L/m2·h to 69.27  9.91 L/m2·h and the saline flux of impaired membrane doubled 
from 10.9  0.05 L/m2·h to 21.61.2 L/m2·h as shown in Table 5. Upon comparing the sample C 
with Sample, A and B, the flux measurements of sample C was less than sample A and B.  Still, 
the salt rejection was maintained above 99% in both laser impaired and intact membrane samples. 
The osmotic pressure, viscosity and membrane resistance increases, and the transmembrane 
pressure decreases as the concentration increases in the filtration unit as shown in Appendix 10.2. 
The graph 3 and 4 showing sample C also reveals that the initial rate of flow of water and saline 
was much faster and then reach to a steady state. It is inferred that the membrane compaction could 
be the reason for decline in flux due to continuous pressurization. However, the increase in the 
number of holes to 900 and the low pulse density punch holes in the membrane achieved shallow 
penetration on polyamide layer of the semipermeable BW 30 membrane surface resulted in twofold 
increase in flux values. The shallow penetration of sample C is evident in the SEM images of Figure 
13. 
 
 
Figure 13. Cross-sectional SEM micrograph of sample C 
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Membrane D impaired at a pulse density of 0.05p/m2 exhibits 900 holes (Figure 10) and the 
corresponding water and saline flux after impairment is given in Graph 5. On comparing the 
performance of impaired sample D with intact membrane, the analysis revealed that performance 
was higher for laser impaired membrane. The water flux of laser impaired membrane decreased 
slightly from 36.01  0.66 L/m2·h to 21.70  0.24 L/m2·h and the saline flux of impaired membrane 
doubled from 10.9  0.05 L/m2·h to 19.7  1.6 L/m2·h as shown in Table 5. Upon comparing the 
sample D with Sample, A B and C, the flux measurements of sample D was less than sample A, B 
and C.  Still, the salt rejection was maintained above 99% in both laser impaired and intact 
membrane samples. The osmotic pressure, viscosity and membrane resistance increases, and the 
trans-membrane pressure decreases as the concentration increases in the filtration unit as shown in 
Appendix 10.2. The graph 3 and 4 showing sample D also reveals that the initial rate of flow of 
water and saline was much faster and then reach to a steady state. It is inferred that the membrane 
compaction could be the reason for decline in flux due to continuous pressurization. However, the 
900 holes at very low pulse density punch holes in the membrane achieved very shallow penetration 
on polyamide layer of the semipermeable BW 30 membrane surface. The very shallow penetration 
of sample D is evident in the SEM images of Figure 14. 
 
Figure 14. Cross-sectional SEM micrograph of sample D 
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As per the Graph 5, salt rejection is calculated from permeate concentration. The permeate 
concentration was measured from the electrical conductivity. The salt rejection was shown to be 
above 99% for all the membranes. Even though all four membranes were impaired with the varying 
pulse density and number of holes, passage of salt was restricted as high pressure of 12 bar was 
applied to the dead-end filtration system. It is assumed that, even though laser ablation cleaved the 
polyamide membrane, the polysulfone and polyester layer contracted to block the passage of 
dissolved solutes present in water.  Hence water was forced through the membrane, solid and other 
components stayed on the membrane surface. This also depends on the pore size of the membrane. 
As feed water is pressurized continuously, the water experienced greater resistance to pass through 
the membrane and hence the flux declined.  
  
5.3 Percentage area of virgin intact membrane 
 
The average radius of the holes has been calculated from the images obtained from Scanning 
Electron Microscopy employing NIS Nikon Elements image processing software.  
*Radius of the hole is 13.59  0.50 m 
 
Figure 15. SEM image of the laser drilled holes with marked radii 
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Table 6. Membrane intact area and intact percentage 
 Number 
of holes 
Membrane 
Area (cm2) 
Total hole area (cm2) Membrane 
intact area 
(cm2) 
Percentage 
intact area 
(%) 
 
Sample A 90 14.6 0.00054 14.599 99.999 
Sample B 180 14.6 0.00104 14.598 99.998 
Sample C 900 14.6 0.00519 14.594 99.95 
Sample D 900 14.6 0.00519 14.594 99.95 
 
The analysis shows that the samples A and B maintain more than 99.99% of intact membrane area. 
It is noted that even though the laser drilled hole was in microscale, 99.9% of intact membrane was 
available for RO filtration. However, samples C and D with 900 holes, have intact area of 99.95%.  
6. DISCUSSION 
 
The flux and salt rejection analysis confirm that the virgin membrane (flux 36.01  0.66 L/m2·h 
and salt rejection >99.8%) used for this study are within the commercial standards values of BW30 
sample (Lenntech). The membranes which undergone impairment by laser exhibit varying fluxes 
in accordance with pulse density and number of impaired holes. The membrane with 90 holes at 
20p/m2 produced the greatest water flux of 1156.38  168.57 L/m2·h and saline flux of 914.5  
145.45 L/m2·h as the holes fully penetrated through all three layers: polyamide, polysulfone and 
polyester of the reverse osmosis membrane. The lowest flux was recorded for the impaired 
membrane with 900 holes at very low pulse density of 0.05p/m2 (water flux of 21.70  0.24 
L/m2·h and saline flux of 19.71.6 L/m2·h) as the holes were drilled was very shallow on polyamide 
layer of the RO membrane. Surprisingly, the salt rejection analysis revealed >99.8% at all times 
for all intact and impaired BW30 membranes. However, the data from critical review  of Table  1 
also support the high and constant  salt rejection percentage for the analysed BW 30 membrane, as 
the salt rejection in pinhole impaired ESPA1 and ESPA2 RO membranes were less in the initial 
phase, but it has proved as decreasing salt rejection trend with the increase in size of impairment 
(Mi et al, 2004) and (Surawanvijit, 2015)  .It is hypothesis that the laser impairment cleaved the 
polyamide layer of BW 30 membrane, but the polysulfone and polyester layer contracted to block 
the passage of dissolved solutes present in water. The virgin intact hole area was estimated as 
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>99.9% however, the fluctuating higher flux concluded that the liquid flow occurred through the 
impaired holes. However, the salt rejection analysis proved to be excellent in retaining the solutes 
on the membrane surface.  
 
7. CONCLUSION 
 
 Membranes can be laser impaired in a controlled manner  
 
 Membrane performance in intact and impaired membrane was successfully tested; all tested 
membranes, despite losing the barrier layer, kept good salt rejection abilities.   
 
 Membrane flux varies with power and number of impaired holes; the dependence is more 
pronounced in the case of deeper holes. 
 
 Salt rejection is above 99%. for both intact and impaired membranes 
 
 This thesis work establishes a good methodology to produce samples for future membrane 
impairment testing, potentially relevant for virus, dissolved ions and/or micropollutants 
removal 
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10. APPENDIX 
 
10.1. Baseline experiment of BW30-4040  
 
Table 7. Baseline experiment results for sample BW30 
*Baseline water flux before impairment of the BW30 Membrane - *Flux calculated at every 5 
minutes of filtration - Dry test before drying 
Transmembrane 
Pressure (bar) 
Viscosity 
(cp) 
Membrane Resistance 
(m-1) Permeability (L/h·m2) 
      34.91 
      35.44 
11 0.89 0.28 35.93 
11 0.89 0.29 36.34 
11 0.89 0.29 36.67 
11 0.89 0.29 36.76 
Average Flux  36.01 
Standard Deviation 0.66 
 
*Baseline salt flux before punch of the BW30 Membrane -  *Flux calculated at every 5 minutes of 
filtration – Dry test before drying 
Osmotic 
Pressure 
(bar) 
Transmembrane 
Pressure (bar) 
Viscosity 
(cp) 
Membrane 
Resistance (m-1) Permeability (L/h·m2) 
1.56 9.44 1.5 0.29 5.10 
1.57 9.43 1.6 0.29 5.46 
1.59 9.41 1.6 0.29 5.77 
1.6 9.4 1.6 0.31 6.27 
1.61 9.39 1.62 0.32 7.18 
Average Flux 
 
5.96 
 
Standard Deviation 
 
0.72 
 
 
 45 
 
Table 8. Baseline experiment of BW30 sample after drying 
Baseline experiment - Sample Water after drying 
Transmembran
e Pressure 
(bar) 
Viscosity (cp) 
 
Membrane 
Resistance 
(m-1) 
Permeability 
(L/h·m2) 
11  0.89 1.18 10.92 
11  0.89 1.16 10.94 
11  0.89 1.16 10.94 
11  0.89 1.16 10.89 
11  0.89 1.16 10.85 
 Average Flux  10.89 
 Standard Deviation 0.05 
Baseline experiment - Sample Salt after drying 
Osmotic 
Pressure 
(bar) 
Transmembra
ne Pressure 
(bar) 
 
Viscosity (cp) 
Membrane 
Resistance 
(m-1) 
Permeability 
(L/h·m2) 
1.55 9.45  1.5 0.29 7.90 
1.56 9.44  1.5 0.28 7.95 
1.56 9.44  1.6 0.29 7.96 
1.57 9.43  1.6 0.31 7.94 
1.57 9.43  1.6 0.31 7.89 
1.58 9.42  1.6 0.34 7.85 
Average Flux 
7.92 
 
Standard Deviation 0.04 
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10.2. Membrane Sample after laser impairment 
 
Table 9. Sample A after impairment 
Sample A Water after impairment 
Transmembrane 
Pressure (bar) Viscosity (cp) 
Membrane 
Resistance (m-1) Permeability (L/h·m2) 
        
11 0.89 0.01 1037.16 
11 0.89 0.01 1275.55 
11 0.89 0.01 1037.16 
 Average Flux 1156.36 
 Standard Deviation 168.57 
Sample A Salt after impairment 
Osmotic Pressure 
Transmembrane 
Pressure (bar) 
Viscosity 
(cp) 
Membrane 
Resistance 
(m-1) Permeability (L/h·m2) 
         
1.54 9.46 1.5 0.00 799.05 
2.64 8.36 2 0.00 866.60 
7.085 3.95 3.75 0.00 1077.88 
 Average Flux 914.51 
 Standard Deviation 145.45 
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Table 10. Sample B after impairment 
Sample B Water after impairment 
Transmembrane 
Pressure (bar) 
Viscosity 
(cp) 
Membrane 
Resistance (m-1) Permeability (L/h·m2) 
11 0.89 0.01 210.25 
11 0.89 0.02 224.97 
11 0.89 0.02 263.09 
 Average Flux  232.77 
 Standard Deviation 27.27 
Sample B salt after impairment 
Osmotic 
Pressure (bar) 
Transmembrane 
Pressure (bar) 
Viscosity 
(cp) 
Membrane 
Resistance 
(m-1) Permeability (L/h·m2)  
1.66 9.34 1.62 0.03 45.09 
1.75 9.25 1.67 0.04 49.54 
1.84 9.16 1.7 0.04 58.37 
1.93 9.07 1.72 0.04 64.09 
2.03 8.97 1.77 0.04 66.38 
2.12 8.88 1.8 0.04 89.32 
2.21 8.79 1.85 0.04  
Average Flux  62.13 
 Standard Deviation 15.64 
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Table 11. Sample C after impairment 
Sample C Water after impairment 
 
Transmembrane 
Pressure (bar) 
Viscosity 
(cp) 
Membrane 
Resistance  
(m-1) Permeability (L/h·m2) 
11 0.89 0.16 59.09 
11 0.89 0.11 61.95 
11 0.89 0.09 67.49 
11 0.89 0.08 74.10 
 Average Flux  69.27 
 Standard Deviation 69.27 
Sample C Salt after impairment 
 
Osmotic 
Pressure (bar) 
Transmembrane 
Pressure (bar) Viscosity (cp) 
Membrane 
Resistance  
(m-1) Permeability (L/h·m2) 
1.56 9.44 1.6 0.23 20.07 
1.57 9.43 1.6 0.23 20.54 
1.6 9.4 1.6 0.24 21.33 
1.61 9.39 1.62 0.23 21.56 
1.62 9.38 1.62 0.24 22.51 
1.64 9.36 1.65 0.23 23.61 
1.66 9.34 1.65 0.23  
 Average Flux  21.60 
 Standard Deviation 
 1.29 
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Table 12. Sample D after impairment 
Sample D Water after impairment 
Transmembrane 
Pressure (bar) 
Viscosity 
(cp) Membrane Resistance (m-1) 
Permeability 
(L/h·m2) 
11 0.89 0.06 21.36 
11 0.89 0.08 21.50 
11 0.89 0.10 21.88 
11 0.89 0.11 21.85 
Average Flux  21.70 
Standard Deviation 0.24 
Sample D Saline after impairment 
Osmotic 
Pressure (bar) 
Transmembrane 
Pressure (bar) 
Viscosity 
(cp) Membrane Resistance (m-1) 
 
Permeability 
(L/h·m2) 
1.56 9.44 1.5 0.28 18.34 
1.58 9.42 1.62 0.26 18.45 
1.6 9.4 1.62 0.25 22.48 
1.6 9.4 1.62 0.27 18.65 
1.61 9.39 1.65 0.27 19.57 
1.63 9.37 1.65 0.27 20.68 
1.64 9.36 1.65 0.27  
 Average Flux  19.70 
 Standard Deviation 1.62 
 
 
